ABSTRACT Large unilamellar vesicles (LUVs) composed of 1-[2H31 ] palmitoyl-2-oleoyl phosphatidylcholine , with diameters of -117 ± 31 and 180 + 44 nm, were prepared by extrusion through polycarbonate filters with pore sizes of 0.1 and 0.2 ,um, respectively. The 2H nuclear magnetic resonance (NMR) spectra obtained at 21 'C contain two components: a broad component ( -17 kHz linewidth) corresponding to the methylene groups and a narrower component originating from the methyl groups. Spectra with increasing powder pattern characteristics were obtained by reducing the rate of phospholipid reorientations by addition of glycerol (to increase the solvent viscosity) and by lowering the temperature. Full powder spectra, characteristic of liquid-crystalline bilayers, were obtained for both LUV samples at 0C in the presence of 50 wt% glycerol. Individual quadrupolar splittings were not resolved in these spectra, due to broader linewidths in the LUVs, which have significantly shorter values for spin-spin relaxation time T2 measured from the decay of the quadrupolar echo (90 js) than the multilamellar vesicles (MLVs; 540 As). Smoothed order parameter profiles (OPPs) were obtained for these samples by integration of the dePaked spectra. The OPPs were very similar to the OPP of POPC-d31 MLVs in 50 wt% glycerol at the same temperature, indicating that orientational order in MLVs and LUVs with a diameter of >100 nm is essentially the same. The presence of 80 wt% glycerol was found to have a disordering effect on the vesicles.
INTRODUCTION
Model membrane systems have played an important role in providing insight into the structure and function of biological membranes. Numerous model systems exist that have been used to address a wide variety of problems, ranging from the motional and structural properties of constituent lipids and/or proteins, to the barrier properties of the membrane as a whole. The most commonly used systems involve the lipid bilayer; these include oriented multibilayers (1) , multilamellar dispersions (powder samples) (2) , and unilamellar vesicles (3, 4) . Much information has also been obtained from the study of nonbilayer polymorphic assemblies, such as the hexagonal H,,, cubic, and micellar phases that can be adopted by some phospho-and glycolipids under certain conditions (5) (6) (7) (8) (9) (10) (11) (12) (13) .
The ability of phospholipids to form several bilayer models ofdiffering morphology has led to questions concerning the validity of comparing data obtained from different model systems. One of the best-known examples of this has been the controversy surrounding the effect of curvature on the properties of bilayers. Early investigations into the properties of small unilamellar vesicles (SUVs), ' prepared by sonication of multilamellar vesicles (MLVs), revealed that the high curvature of these vesicles altered their thermodynamic properties (14) (15) (16) and resulted in a profound packing asymmetry of the inner and outer monolayers (17) (18) (19) (20) (21) (22) (23) (24) (25) . As many of these studies involved nuclear magnetic resonance (NMR) measurements, the question arose as to whether the orientational order of the lipid acyl chains in SUVs was the same as that in MLVs. The quantitative determination of order parameters in MLVs was made possible by the advent of 2H NMR spectroscopy (2); large MLV samples give rise to broad-line spectra that result from partial anisotropic averaging of the quadrupolar interaction by local molecular motion. Each deuterium-labeled carbon in a lipid chain gives rise to a quadrupolar splitting, which is directly proportional to the order parameter SCD for that carbon-deuterium bond. Unfortunately, this methodology was not directly applicable to SUVs, as their smaller size resulted in high-resolution spectra because of isotropic averaging of the quadrupolar interaction. This led to a controversy, which is still the focus of research, as to whether the narrow lines could be explained solely by isotropic tumbling of the vesicles and lateral diffusion of the lipids, or whether additional disorder, resulting from the higher curvature ofthe bilayers, must also be invoked. The former view was supported by results obtained from 'H NMR (26) (27) (28) , 2H NMR (29) , and '3C NMR (30) . However, a number of studies using 'H NMR (31) , 13C NMR (32) , and 2H NMR (33) supported the latter view. Resolutions to this problem have recently been proposed, based on monolayer packing asymmetry (34) and motional averaging resulting from lateral diffusion over the vesicle inner monolayer (35) , but it is not yet clear whether either ofthese solutions are valid. It is of interest that order parameters obtained from fluorescence depolarization (36) and ESR measurements (37) also support a reduction of order in SUVs.
Of the model systems mentioned above, MLVs have been widely utilized, especially in solid-state NMR studies, allowing elucidation of much information on lipid order and dynamics (2, (38) (39) (40) (41) (42) (43) . However, many topics of importance cannot be addressed using MLVs, and require the use of unilamellar vesicles. This applies particularly to investigations of the permeability properties of lipid bilayers, transbilayer lipid asymmetry, the generation and maintenance of ion or pH gradients, membrane fusion, and drug uptake. Furthermore, the unilamellar systems must be well defined with respect to lamellarity, size, and stability. However, it is clear from the discussion above that SUVs are not the ideal system for investigating such topics within a biophysical framework, especially for studies involving magnetic resonance techniques. Aside from the difficulty in quantifying such parameters as lipid order, one must consider the complications that may arise from the packing asymmetry of the two monolayers. Since the putative reduction in order and the monolayer asymmetry are due to the high curvature of SUVs, it would follow that these differences will be reduced as vesicle size increases, and that the use of LUVs should provide a system that more closely models the properties of MLVs. Unfortunately, this reasonable assumption has not yet been demonstrated using NMR, and it is not yet known at what size the effects of curvature become minimal, although it has been predicted, using geometrical arguments, that this will occur for vesicle diameters on the order of 100 nm ( 17) . The purpose of the present paper, therefore, is to determine the 2H NMR order parameter profiles (OPPs) of LUVs with diameters of -100 and 200 nm, and compare them to the OPPs of MLVs (which have diameters in the micrometer range). The same methodology will be used in all cases, making comparisons meaningful. Inasmuch LUVs are widely used in the study of fundamental membrane processes such as permeability (44, 45) , fusion (46, 47) , and asymmetry (47) (48) (49) , and within clinical settings for such purposes as drug delivery (50) (51) (52) 2H NMR spectra were dePaked to give the 0°orientation spectra (i.e., the spectra that would be obtained for an oriented sample with the external magnetic field parallel to the bilayer normal), from which the smoothed OPPs were obtained as described (54, 55) . Briefly, the innermost splitting is assigned directly to the methyl group. The remaining area of the dePaked spectrum is normalized to the remaining 28 deuterium nuclei, and divided into 14 equal areas corresponding to C2-C 15 of the palmitoyl chain. A mean value of the order parameter is calculated for each unit area corresponding to a methylene group. A monotonic decrease in order from C2 to C 16 is assumed, with the result that a smoothed OPP is obtained, meaning that small local variations in order, such as might originate from geometrical effects, will not be resolved. The method gives the general shape of the order gradient, as shown by a comparison of the order profile so obtained for POPC-d31 with discrete order parameter values obtained from selectively labeled POPC (55) . The usefulness of the method stems from the fact that the order profile can be obtained from a single sample and does not require resolved splittings. An example of this is given by 2H NMR spectra of hexagonal phase l-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE) . Although the quadrupolar splittings are not resolved in the dePaked spectra, the smoothed OPPs were obtained and compared with the profiles of bilayer phase lipid (54, 56) .
The integration and dePaking procedures do not calculate uncertainties or errors. However, an estimate of the uncertainties can be obtained in two ways. Both sides of the dePaked spectra are integrated separately, and the total integral is given. In all cases, the differences were <5%. A second method is to compare the variation in quadrupolar splittings obtained from the two sides ofthe dePaked spectrum. This gives a maximum variation in SCD of +0.006, giving uncertainties in the range of 1-5%. For MLVs, the uncertainties were slightly smaller, in the range of 0-2%. 31p NMR spectra were acquired at 81.0 MHz on a spectrometer (model MSL-200; Bruker Instruments, Inc., Billerica, MA) using a Hahn echo pulse sequence (57) with WALTZ decoupling (gated on during acquisition). The 31p w/2 pulse length was 4.0 1s ( 10-mm solenoid coil), the interpulse spacing was 60/1s, and the recycle time was 5.0 s.
The mean diameters ofthe LUVs were determined by using a submicron particle sizer (model 270; Nicomp Instruments, Santa Barbara, CA). The scattering angle was 900, the channel width was 10 /1s, and the autocorrelation function was evaluated over 
where Tt= 4xrnR3/3kT
where D is the translational diffusion coefficient for the lateral diffusion of phospholipid in the plane of the bilayer, q is the solvent viscosity, k is the Boltzmann constant, and R is the vesicle radius. In addition, the lipid lateral diffusion coefficient may be sensitive to the viscosity of the surrounding medium according to (59) :
where ' is the viscosity of the membrane, h and r are the height and radius, respectively, of the lipid molecule modeled as a cylinder, and y is a constant. It is clear from these equations that both vesicle tumbling and lateral diffusion will be sensitive to changes in solvent viscosity and temperature, and, additionally, the rate of lateral diffusion will also depend on the membrane viscosity. (62, 63) . Glycerol concentrations up to 60 wt% have little effect on the main transition temperatures and enthalpies ofdipalmitoylphosphatidylcholine (DPPC) MLVs (64) , and concentrations of 3 M have no effect on the leakage rates of carboxyfluorescein from egg phosphatidylcholine (PC) vesicles (65) . To assess the effect of glycerol on membrane order, spectra of POPC-d31 MLVs in water and in 50% glycerol were obtained at 00C. In both cases the spectra (not shown) were axially symmetric, indicative of membranes in the liquid-crystalline phase; the smoothed OPPs are plotted in Fig. 2 . The presence of glycerol does result in a slight disordering of the plateau region (C2-C9) of <10%, but this effect is small, and the general shape of the OPP is unaffected. The effect of increasing concentrations of glycerol on the 2H NMR lineshape of 117 nm LUVs at 21°C is shown in Fig. 1 , B and C. As the proportion of glycerol is increased from 0 to 50 wt% (Fig. 1 B) to 80 wt% ( Fig. 1 C) , the lineshape develops partially averaged powder characteristics. However, even at 80 wt% glycerol, averaging of the static powder lineshape is evident. At 20°C in water, for vesicles with a radius of 5.85 nm, rt =2.1 x 10'4sandrd= 1.2X 10-4s(Eqs. 1-3,assuming D = 5 X 10-8 cm2/s). Thus, lateral diffusion is the dominant line-narrowing mechanism under these conditions. Using Eqs. 1-3, we predict only a 1.5-fold increase in Te as the solvent viscosity is increased from 1 cP (water) to 60 cP (80% glycerol). However, if Eq. 4 is included in the calculation, i.e., if allowance is made for the effect of solvent viscosity on lateral diffusion, then re increases fivefold as the viscosity is increased (assuming a membrane viscosity of 1 P). Thus, the observed significant change in lineshape in Fig. 1 suggests that lateral diffusion is reduced by the high concentrations of glycerol, although not sufficient to prevent some residual averaging. The same trends are also observed for LUVs prepared by extrusion through filters with a 0.2-,gm pore size (Fig. 3) , that have a mean diameter of 180 + 44 nm as determined by quasi-elastic light scattering (QELS). Although the larger 180-nm LUVs have a slower reorientation rate, the lineshapes still display significant motional averaging in the presence of glycerol at 21 'C.
To further reduce vesicle reorientations, the glycerolcontaining samples were cooled to 0°C, -7°C above the gel to liquid-crystalline phase transition of the lipid.
Fenake and Cullis
Orientational Order in LLJVs This will result in an increase in the solvent viscosity 7 and the membrane viscosity 7t', both ofwhich will reduce the lipid diffusion rate. At 00C, the viscosity of 50% glycerol is 0. Spectra obtained for the 1 7- and 180-nm LUVs in 50 wt% glycerol at 00C are shown in Fig. 4 , B and C, respectively. The spectrum for POPC-d31 MLVs at the same temperature in 50 wt% glycerol is shown in Fig. 4 A. The LUV spectra have the same width and general shape as the MLV spectrum, indicating similar lipid order and minimal residual averaging due to vesicle rotation and lipid lateral diffusion. The individual methylene resonances for C10-C 15 are not resolved in the LUV spectra; this is at least partly due to T2 differences. Measurements of T2e were obtained for the LUV and MLV samples, as described in Materials and Methods, at 0°C in the presence of 50 wt% glycerol. Values of 85, 92, and 540 ,s were obtained for the 117-nm LUV, 180-nm LUV, and MLV samples, respectively. The shorter LUV T2e values will result in broader linewidths in the spectra and a loss of resolution. One possible source of the reduced T2, is lateral diffusion over the vesicle surface (42, 72) . The LUV spectra are similar to those observed with spherical support vesicles (diameter 1.5 ,m), single bilayers supported on glass beads with a narrow, well-defined size distribution (73) . The loss of resolution in these systems has also been partially attributed to the significantly shorter transverse relaxation times obtained for spherical support vesicles (74) .
To obtain a quantitative comparison of order in the MLV and LUV samples, the spectra in Fig. 4 were dePaked to give the 00 orientation spectra, and the smoothed order profiles were obtained as described (54, 55) . This methodology gives the general shape of the order profile, and allows the entire order profile to be obtained from one (perdeuterated) sample, thereby removing the costly and time-consuming exercise of preparing many selectively labeled samples. The usefulness of this approach has been demonstrated in both model (54, 55) and biological (75) (33) , or with the large changes in order that result from the addition of cholesterol (76) . This demonstrates that orientational order is not significantly altered by curvature for vesicles with diameters of2 1 00 nm, a conclusion consistent with early theoretical predictions ( 17) . The spectra obtained for the LUVs in 80 wt% glycerol at 0°C are shown in Fig. 6 . The spectra are narrower and have a "flatter" profile than those obtained in 50 wt% glycerol. Thus, it would appear that the perturbing effects of glycerol become more severe at higher concentrations. The OPPs obtained from these spectra are reduced over the entire length of the acyl chain (Fig. 5 81 MHz, the correlation time need only be <3 x 10 -' s. Thus, for LUVs, 31P spectra will be more sensitive to partial averaging by slow reorientations than will 2H spectra. It should be noted that the 31p spectra of LUVs in 50 and 80% glycerol at 00C are similar; thus, the narrowing observed in the 2H spectra can be attributed to disordering rather than a morphological change induced by the high concentrations of glycerol.
Conclusions
In the present study, smoothed OPPs were derived for MLVs and LUVs prepared from POPC-d31. The use of glycerol at low temperatures to slow vesicle reorientation allowed the LUV powder pattern lineshape to be observed directly, removing the need for spectral simulations, and the assumptions inherent in such simulations. The effect of glycerol on MLV order was minimal ( <10% ) up to a concentration of -50 wt%; the presence of 50 wt% glycerol in both MLV and LUV samples allowed the order profiles obtained from both sample types to be compared directly. Both the magnitude ofthe order parameters at each carbon and the shape of the FIGURE 7 31P NMR spectra of LUVs with diameters of -1 17 nm (left) and 180 nm (right), and of MLVs in 50% glycerol at 0°C (left, bottom). The experimental conditions for the LUV samples were (top to bottom) water at 21°C, 50% glycerol at 21°C, 50% glycerol at 0°C, 80% glycerol at 0°C. The plot width is 12 kHz. order profiles were very similar for MLVs and LUVs with diameters > 100 nm. Thus vesicle curvature has little effect on lipid order for radii as small as 50 nm, meaning that comparable information can be derived from results obtained with LUVs in this size range and from results obtained with MLVs.
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